Abstract The world's water resources are currently under more stresses and strains than ever before. These forces on water will mount as the century unfolds, causing the water scarcity affecting the Middle East, parts of Africa and southern Asia at present, to develop into a world water crisis. This paper examines the capability of society to deal with this crisis and some of the measures that might be undertaken to alleviate it. In particular, it advocates the adoption of the ecosystem approach to river basin management and it discusses the response of the hydrologkal community to these problems.
were formed in the 1940s, for example, with the founding of the United Nations Food and Agriculture Organization (FAO) in 1945 and the World Health Organization (WHO) in 1946. These and other bodies of the United Nations system with interests in water, such as the World Bank, the United Nations Children's Fund (UNICEF), the United Nations Development Programme (UNDP), UNESCO and the World Meteorological Organization (WMO), each promote collaboration in their particular fields of responsibility-setting standards, providing guidance, collecting data, promoting education and training, together with developing, funding and managing water projects. Some of these efforts are embodied in well established cooperative programmes, such as those in UNESCO and WMO which were started in the 1960s embracing hydrology and water resources. Similar roles in water are played by the regional bodies of the United Nations, the regional development banks, the European Union and like regional groups and, in addition, the river basin authorities, such as those for the Rhine, Niger and Mekong.
The 1970s saw a spate of conferences convened by the United Nations (Rodda, 1995a,b) dealing with a wide range of matters, such as the Conference on the Human Environment held in Stockholm in 1972. One of these was the UN Water Conference, held in Mar del Plata, Argentina in 1977 (UN, 1977 . The representatives of national governments, nongovernmental organizations (NGOs) and international agencies who attended adopted the Mar del Plata Action Plan (MPAP). The Plan addresses a series of resolutions and recommendations to governments and other bodies on actions needed on water at the global, regional and national scales. The Conference conceived the International Drinking Water Supply and Sanitation Decade (IDWSSD) which ran from 1981 to 1990 and it also put cooperation between the 20 or so UN bodies with programmes in water on a more formal basis than that existing since the 1950s. This was through the work of the Sub-Committee on Water Resources, part of the coordinating mechanism of the United Nations. In 1987, to mark the 10th anniversary of the MPAP, IAHS and IAHR held a symposium in Rome entitled "Water for the Future" (Rodda & Matalas, 1987; Wunderlicht & Prins, 1987) to look into emerging water resources problems and solutions to them. The same year saw the publication of Our Common Future (Brundtland, 1987) and the emergence of the concept of "sustainable development".
At the end of the 1980s, while progress in implementing the MPAP and the achievements of the IDWSSD was being reviewed, plans for the United Nations Conference on Environment and Development (UNCED) were being made. Freshwater was listed as one of the nine major issues to be considered. However, when it became apparent that insufficient attention was being given to water in these preparations, a special conference was proposed to bring water into focus (Young et al, 1994) . This conference of experts, the International Conference on Water and the Environment (ICWE) took place in Dublin in January 1992 and came up with the four Dublin Principles (Table 1) (WMO, 1992) . They were enunciated as a basis for action to reverse the trend towards water shortages and rising levels of pollution, to enhance the role of women, to increase public participation and to encourage the recognition of water as an economic good. These Dublin Principles and most of the main thrusts of the ICWE Report were incorporated in the freshwater chapter (Chapter 18) of Agenda 21, the report from UNCED, which was held in Rio de Janeiro in June 1992 (UN, 1993) . Water is also featured in about a dozen other chapters in Agenda 21. This is the Freshwater is a finite and vulnerable resource essential to sustain life, development and the environment. Water development and management should be based on a participatory approach, involving users, planners and policy makers at all levels. Women play a central part in the provision, management and safeguarding of water. Water has an economic value in all its competing uses and should be recognized as an economic good.
700-page "blue-print for the 21st century" aimed at reconciling the twin requirements of a healthy environment and an expanding economy for all peoples of the world, in order to bring about sustainable development.
Subsequently the UN and its agencies, many regional and river basin authorities, national and local governments, NGOs, and other groups have been making efforts to implement the guidance given in Agenda 21 as a whole and the guidance for water in particular. The establishment of the Global Environment Facility (GEF) in the wake of UNCED with the UNDP, the World Bank and the United Nations Environment Programme (UNEP) as lead bodies, was designed to assist the flow of funds to promote the aims and objectives of Agenda 21. However, to raise the position of water in the international agenda, the Global Water Partnership and the World Water Council were launched in 1997 (Gleick, 1998) ; the first to facilitate funding of water projects and the second to act as a policy think-tank. In the same year, the UN Commission on Sustainable Development and the Special Session of the UN General Assembly, indicated that, in many areas, not enough was being done to meet targets.
In particular, the report on the comprehensive assessment of the freshwater resources of the world (Shiklomanov, 1997) that was prepared for these sessions, together with the results of the 1998 International Conference "Water: a Looming Crisis?" (UNESCO, 1998) highlighted apprehension and anxiety about the current state of the resource and the demands being made on it. Such apprehension is exhibited more strongly in the World Water Vision (Cosgrove & Rijsberman, 2000) prepared on behalf of the World Water Council for the Second World Water Forum. In the "Vision" the 2025AD scenarios emphasize the dangers for the future, if present water policies are maintained. There is also growing concern about the incidence of floods (Parker, 1999) and droughts (Downing & Bakker, 1999) and the lack of progress in reducing the death and destruction they cause, problems which the International Decade for Natural Disaster Reduction (1990 Reduction ( -2000 attempted to bring into focus. Similar concerns over water have motivated a number of other international and national initiatives, for example the report of the World Commission on Dams (WCD, 2000) , which attempts to balance the need for water for drinking and other purposes with those of the environment. One of the other initiatives was undertaken by the Commission on Water of the World Humanities Action Trust (WHAT), a British charitable trust. The Commission's report "Working with Water" (WHAT, 2000) looks at many of the problems facing scientists, lawyers, decision makers, politicians and others in today's world and makes recommendations to counter them, particularly in the area of governance. Its aim is to help alleviate current and future difficulties and it shares this aim with a number of other similar initiatives.
PRESSURES AND PROBLEMS
Any contemporary discussion of world water has to start with the fundamental problem of the scarcity of water affecting many parts of the Middle East, Africa and Asia-those arid and semiarid parts of the world where population pressure is considerable. This is a scarcity driven by a demand for water which is rising faster today than at any time in the Earth's history-a scarcity which seems likely to spread ( Fig. 1) should this rise continue. The result is likely to be a world water crisis which could occur towards the middle of this century (Falkenmark & Lindh, 1974; Postel, 1992; Rodda, 1995a) , as demand outstrips the available resource over widening areas of the globe. Then the world population is expected to be approaching 10 billion and 
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Range of estimates ot total world water resource Range of estimates of available world water resource Losses due to pollution Global demand for vyate'r. -" 1900 1910 1920 1930 1940 1950 1960 1970 1980 1990 greater affluence, coupled with the needs of agriculture (Wallace, 2000) , together with the demands of industry, will accelerate water use to undreamed of levels ( Fig. 2) . At the same time, the increased population will present a bigger target for natural disasters (Fig. 3) , particularly floods and droughts (UN, 1994; Munich Re Group, 2000) and it will cause even more pollution of surface and ground waters. This pollution reduces the available resource. There is also the threat of climate change, with the danger that the characteristics of the hydrological cycle will be altered adversely in a number of sensitive regions (cf. Jones, 1999) . In addition, there is anxiety that, as available resources diminish, water will become a matter of contention and possibly of conflict between nations which share river basins. These and the many other dangers have to be set against a background of the diminishing volume of water to support life in rivers, lakes, wetlands and similar habitats (cf. Chen & Xia, 1999) . Is the present state of the Aral Sea a sign of the things to come worldwide?
Such important concerns indicate that professionals, administrators and politicians with responsibilities for water need to be far better equipped to deal with these difficulties than they seem to be at present. But all the signs point in the opposite direction as the 21st century unfolds. And unfortunately, the largely physical pressures already mentioned are paralleled in most other areas of contemporary civilization. Examples of the pressures on water are to be found in health, economics, politics, culture, society, governance, law-the list could go on, because water enters into virtually every human activity. The position in each area of life is complicated by the facts that water is important at spatial scales from personal to global and at time scales from seconds to centuries and far beyond. Again, there are the contrasts between how these problems affect the developed countries as opposed to the developing countries. There are also the contrasts between humid and arid countries and between upstream countries and those downstream. Differences in legal systems can also cause contrasts, along with the
SL|}B3p jo jaqturiN different structures of government, the different economic circumstances and the different religious and cultural bases. Addressing all these pressures and problems succinctly and in a comprehensive manner is an impossible task, so the remainder of this section deals with three selected problem areas, namely inefficient use of water, improved governance and the need to adopt an ecosystems approach.
Using water more efficiently
Water can be used in many different ways. That water is available in sufficient quantity is generally the most important factor governing use, followed closely by the quality of that water. Some of the water used is consumed and is usually not available for further use; some of the water can be used several times. Irrigation, for example, consumes the water or part of it, but water used for washing is generally returned to the river, treated or untreated. Where some types of water use require large amounts of water of moderate quality (e.g. for cooling), others need smaller quantities of very high quality water (e.g. for drinking). And there are other uses of water which do not influence the state of the water resource (e.g. fisheries, inland navigation) or influence it in only a small way. For instance, water which has been abstracted for cooling is often discharged some 5-10°C warmer than its surroundings. Of course, using water in these ways returns it to the source in rivers, lakes and aquifers, where it may be abstracted for use several more times, such as further down the course of a river. It is evident that the total volume abstracted for use is larger than the volume of water actually consumed. In the allocation of water between the different uses, it might be assumed that it would be used first for higher value purposes. However this assumption ignores the fact that water is available free, or at low cost, to farmers in many parts of the world, while in others, legal and other measures determine the hierarchy of use. Current estimates indicate ( Table 2 ) that the world in total uses about 66% of the abstracted water in agriculture, mostly for irrigation, 20% for industry and 9% for the domestic sector, while 5% is evaporated from the surface of reservoirs (Cosgrove & Rijsberman, 2000). However, water use, as a whole, is characterized by inefficiencies in allocation among alternative uses, while significant wastage occurs in individual sub-sector use. In irrigation, for example, only a small part of the water diverted by conventional gravity systems is available for use by plants, typically around 25-30% compared with 60-70% in advanced systems, such as sprinkler, drip, trickle or subsurface systems (Fig. 4) . In urban water supplies there is leakage which causes substantial waste: some 25-50% of the water in distribution systems, including leaks in homes, in industrial enterprises, commercial establishments and public facilities. From these statistics, it is commonly inferred that large amounts of water could be saved to meet growing demands. However, water use in an entire river basin can be more efficient than appears at first sight, since large amounts of the "wasted" water reenter the system for use downstream through return flows and groundwater recharge (Rydzewski & Abdullah, 1992) , should the geological conditions be favourable. Nevertheless within current practices, there is considerable scope for saving water (Wallace & Batchelor, 1997) and, by the introduction of new measures, further savings can be made. Water saving in order to improve efficiency can include scientific and technical, economic, legal, operational, educational and political means (Table 3) .
Improving governance
It is probable that the administration and organization of water and water affairs are more complex and more diverse than those for most other activities. From the international to the local level, water is characterized by the enormous number of stakeholders, usually with very different, and sometimes competing, interests. The 20 or so UN bodies and agencies with programmes in water are paralleled by a similar number of international nongovernmental organizations in science and engineering and by a far greater number in the fields of development, conservation and human affairs. As well as contributing to developmental assistance through the UN and its bodies and agencies, many national governments promote their own programmes of international assistance in water and some of these are members of regional bodies with similar aims. At the national level, there are few nations with a Ministry of Water or Water Resources. There are some nations where the responsibility for water is shared with those for agriculture or forestry. More often water affairs are divided between a large number of government ministries, such as construction, housing, agriculture, environment and transport. One variant is where all or some of the responsibility for water is placed in the hands of a quasi-governmental agency. There are several nations where the water supply and sanitation sector is organized in this way, while the roles of flood defence and environmental protection may be in a different agency or agencies. Another variant is where water services have been privatized by the sale of government assets and are operated by the public companies which have then been established. A third is for water services to be contracted out to an existing public water company for a fixed term with bids required from rival contractors for the next term. Municipal water services can be organized in this way, rather than the municipality providing the service itself. The regulation of these contracts and the maintenance of standards are matters that need attention in this context, in order to provide consumer protection and value for money. A further complexity is that, in a number of the larger countries, the provinces or states and not the national government have powers over water. In these cases, there may be a number of different ways of administering water services within a particular country, often without any means of coordinating the different efforts. At levels lower than the province or state, there are difficulties in summarizing the situation, because of the great variety of ways and means of administering water and its affairs. However, systems of community-based water services are important in many nations.
This diversity in the organization and management of water and water affairs suggests that there would be benefit in some degree of rationalization at most levelsbenefit to the consumer, to those needing protection from floods, to the environment and so on. The problem is how to bring about this rationalization in a climate in which each institution is careful to ensure the continuation of its own existence and where any changes that are made take place at a very slow pace. Probably one of the simplest ways forward would be to establish more effective coordination mechanisms on both the international and national levels. The United Nations could set an example by making the Sub-Committee on Water Resources a more effective body than at present, for example, with its own budget allocation and several additional members of staff. Another way of doing this would be to establish a UN World Water Programme, to which the programmes of the different bodies and agencies of the United Nations would contribute. In a similar manner, where national coordination is lacking, it may be promoted by bringing together the different ministries and institutions with interests in water in a national committee on water to work towards a common national water programme. Each national programme could be an integral part of the UN Programme. The UN World Water Assessment Programme, with its World Water Development Report, may be the start of such a UN Programme.
Adopting an ecosystem approach to water
Almost every human activity produces changes to the water environment-physical, chemical and biological-and these changes can have important effects on the economy, on society, on culture and on other aspects of life. Deforestation, urban development and the construction of dams and other structures modify the characteristics of the runoff in terms of quantity and quality, impact the hydrological cycle and alter aquatic ecosystems. While these activities may have been justified in economic and social terms when they were first made, the changes that followed them were not often anticipated, nor the length of time over which they operate. For example, deforestation can lead to an increase in flood magnitude and frequency, causing more erosion and a reduction in land productivity, greater loss of life and worse damage to property. Loss of income, displacement of people, hunger, starvation and death may follow.
In an analysis of the parameters defining sustainable global water management, the concept of the ecosystem is a very useful tool. Ecologists have, for some time, used this concept to express the interdependence of the planet's living components (animals, plants, micro-organisms) and the non-living components (minerals, rock, soil, water, air and energy). Civilization and urban growth have led to humans and their decision making to become increasingly disconnected from the other components of the world's ecosystems. However, no component, not even Homo sapiens, is able to isolate itself completely from the other parts of the ecosystem. Recognition of this is an essential starting point.
An ecosystem is an entity within which most raw materials naturally recycle and through which energy flows from the sun, while it is recognized that there is interaction between adjacent ecosystems, such as exchange of materials. But human activities can change the range and type of interaction between ecosystems. When a dam is constructed, it traps much of the sediment carried downstream by the river, where the flood plain no longer receives the regular input of nutrients vital for reinvigoration of the soils.
A river basin, including its surface water and groundwater, can be considered as an ecosystem, and this links well to current ideas and initiatives on the management of water resources, where there is growing emphasis on the need for the basin to be considered as the basic unit of management. Indeed such an ecosystem approach may have been intuitively included in the concept of integrated river basin management that has generated such initiatives.
There is a vital need to maintain a robust environment by working with aquatic ecosystems and not against them. Evidently more diverse, natural and stable ecosystems make for the improved well-being of the biosphere. Sustainable management of water resources must take account of the needs of species other than Homo sapiens. Ignoring the relationship between human populations and the needs of the living world has resulted in degradation of the environment, which in turn has hurt the human population depending upon it. Consequently, current and future water management policies and practices should embrace the ecosystems approach as a means of ensuring sustainable development.
SCIENCE AND PROGRESS TOWARDS SUSTAINABILITY
Modern civilization and society today depend largely on maintaining the progress in science and engineering, which gathered pace in the 19th century, particularly the progress in harnessing the hydrological cycle to human needs. Probably one of the most significant steps forward was made in 1854, when Dr John Snow (Snow, 1855) established that the polluted source of water feeding the Broad Street Pump in Soho, London was responsible for the cholera epidemic, but there have been many other important advances. Now there seems to be agreement generally that, while humankind has more knowledge and understanding than ever before, often the greatest difficulty is in applying that understanding to the benefit of society.
One area where considerable progress has been made, both in the science and in its application, is hydrological forecasting. Hydrological forecasting, and more particularly flood forecasting, has experienced considerable improvements in many parts of the world over the last 10-20 years. Advances in the means for collecting, transmitting and processing data and in disseminating forecasts have been significant. An improved understanding of the hydrological processes and a better ability to model these processes have also been very important. However, there are many parts of the world where the population is still vulnerable to floods, often because the available technology has not been applied, the installed capability has not been maintained and for allied reasons (cf. Kundzewicz & Takeuchi, 1999) . The toll of death and damage continues to rise in these areas. There is also the problem that structural flood mitigation has led to further developments of flood plains, raising the risks for communities established there when the 100+-year flood occurs (cf. Kundzewicz, 1999) . As flood forecasting improves, will communities be willing to accept the same risks? Alternatively, in pursuit of the ecosystems approach, will there be opportunities to resettle communities out of the flood plain, and dismantle embankments and dikes so that the river can return to its "natural" regime?
Of course reliable flood forecasts need data, much of it in real time. Often it is lack of data that reduces the timeliness and reliability of forecasts, rather than problems elsewhere in the system. Lack of data is also the biggest handicap to the adequacy of global and national assessments of water resources and of assessments of water use. Indeed, while the errors in the assessment of water resources are large, the errors in determining water use are even larger. It is probable that globally only about 30 nations collect, analyse and publish each year reliable countrywide data on the use of water. The water used in the remaining 180 or so countries and territories has to be estimated, usually from the size of the population, the area irrigated and similar variables. However, there are also errors associated with these statistics. Of course global knowledge of the quality of this water is also very limited, in terms of not only the water abstracted and used for the different purposes, but also the data relating to the quality of the surface water and groundwater. The penalties for lack of water quality data and water data in general are not always obvious, and administrators and politicians frequently cut data systems when they are trying to save funds. They often ask "What are the benefits of collecting so many data?" "Why do you need so many measurements?" Unfortunately scientists and engineers are not very good at answering these and similar questions and stating what the benefits are. One reason is that it is quite difficult to establish what is the value of water data. Another is that hydrologists have spent so much time and effort in devising methods which aim to overcome lack of data, gaps and errors in the data, lack of quality assurance and other handicaps. As a consequence of lack of data, there are projects in different part of the world which have not reached the expectations of their designers and planners. One of the most obvious examples is the problem of arsenic in the water supplies in Bangladesh (DPHE, BGS, MML, 1999)-supplies which are drawn through some four million tube wells from groundwater. When the tube wells were first installed, some 30 years ago, the water was not analysed for arsenic, which is naturally occurring. Now the health of some 85 million Bangladeshis is suffering as a result and life expectancy has been shortened in what has been described as a "mass poisoning of an entire nation" (Independent, 2000) . What value could be ascribed to analyses of this groundwater made some 30 years ago which had included arsenic as one of the determinands?
There are probably similar examples from other parts of the world where lack of data, particularly lack of long time series, has caused problems which have affected life in a more limited way by comparison with Bangladesh. However, hydrological literature, like that in other sciences, tends to report successes rather than failures. Where such long series exist, they provide insights into trends and changes and allow predictions to be made, as well as being the basis for design and management. At a time when climate change threatens to "move the hydrological goal posts" in many regions of the world, can a value be placed on these long time series, for example the record of precipitation over England and Wales that started in 1727 and that of the flow of the Rhine at Basle commencing in 1808?
CONCLUDING REMARKS
Modern society faces a series of challenges. Some of the most important concern the uses and abuses of water and the way in which international and national organizations and institutions are structured to husband and manage water resources. Because water enters into so many facets of life, if these challenges could be met, then the whole of society would benefit and the aim of sustainable development might be more readily achieved.
At a time when the demand for water is rising faster than at any previous moment in human history and more death and destruction are being caused by floods and droughts, it is vital that the scientific base for action to alleviate these problems is strong and well founded. Hydrology provides this scientific base. It is the science which creates the potential for solving these problems. However, hydrologists may be very skilled in their science, but they often seem to lack the expertise which can ensure that hydrology continues to progress.
